Abstract: Hyperspectral sensing offers a quick and non-destructive alternative for assessing phenotypic parameters of plant physiological status and salt stress tolerance. This study compares the performance of published and modified spectral reflectance indices (SRIs) for estimating and predicting the growth and photosynthetic efficiency of two wheat cultivars exposed to three salinity levels (control, 6.0, and 12.0 dS m −1 ). Results show that individual SRIs based on visible-and near-infrared (VIS/VIS, NIR/VIS, and NIR/NIR) estimate and predict measured parameters considerably more efficiently than those based on shortwave-infrared (SWIR/VIS and SWIR/NIR), with the exception of some modified indices (the water balance index (WABI-1 (1550, 482) , WABI-2 (1640, 482) , and WABI-3 (1650, 531) ), normalized difference moisture index (NDMI (1660, 1742) ), and dry matter content index (DMCI (1550, 2305) ), which show moderate to strong relationships with measured parameters. Overall results indicate that modified SRIs can serve as rapid and non-destructive high-throughput alternative approaches for tracking growth and photosynthetic efficiency of wheat under salt stress field conditions.
Introduction
The different components of salt stress (including osmotic stress, ion imbalance, and specific ion toxicities) interact together to constrain all of the physiological variables involved in plant growth and development. Of the multiple physiological variables that result in a considerable decline in biomass production of plant under salt stress, gas exchange mechanisms and the photosynthetic capacity are the most important. Dramatic changes in leaf turgor pressure and a K + content deficit in leaf tissue under salt stress conditions lead to a significant decline in stomatal conductance (Gs), which then adversely affects photosynthesis (Pn) and transpiration (E) rates [1, 2] . It is thus necessary to monitor the responses of these physiological variables to salt stress to enable improvements in the salt tolerance also successively be used to assess the photosynthetic efficiency and growth under salt stress [23, 24] . For example, Poss et al. [23] found that the water band index (WBI = (R 900 /R 970 )), which incorporates one of the water absorption bands from the NIR region (970 nm), reflects the response of wheatgrass growth (Agropyron elongatum L.) to salt stress. In addition, El-Hendawy et al. [25] reported that SRIs combining the NIR and SWIR wavebands are suitable for assessing the growth of spring wheat under salt stress, and SRIs incorporating the NIR band (1321 nm) and SWIR band (2264 nm) was found to be important for assessing responses of the growth of cotton plant to salt stress [26] .
Most salinity studies have been conducted in uniform growth media under ideal controlled conditions, and studies under natural saline field conditions are limited due to the temporal and spatial heterogeneity of salt concentrations and soil water content within the field, even over short distances. These conditions within a natural saline field make it very difficult to evaluate salt tolerance. Therefore, in this study, experiments were conducted using simulated close-to-field conditions by employing the subsurface water retention technique (SWRT), which provides homogeneity in salt concentrations and the water content within the root zone for all plants. It also provides a large measuring area and a representative sample size, which is important for high-throughput phenotyping technique.
To provide indirect assessments of plant parameters, the variations in environmental conditions, crop types, growth stages, and levels of stress determined in various studies, which might be the main reason why a universal relationship between published SRIs and measured parameters has not been obtained, require validation of published SRIs, or new ones need to be derived. Therefore, the main objective of this study was to evaluate whether SRIs (published and modified) could be used to assess and predict the growth and photosynthetic efficiency of wheat under salt stress conditions
Materials and Methods

Plant Materials, Experimental Site, and Growth Conditions
Salt-tolerant (Sakha 93) and salt-sensitive (Sakha 61) spring wheat cultivars [25, 27] 
Setup of Subsurface Water Retention Technique (SWRT), Salinity Treatments, Experimental Design, and Agronomic Practices
According to Fageria and Moreira [28] , the root biomass of cereal crops with fibrous root systems is concentrated at a soil depth of 0-40 cm. Therefore, polyethylene membranes with a thickness of 0.3 mm were installed in a U-shape with a 3:1 width/depth aspect ratio at a depth of 40 cm under the soil surface. The width of the base of the membrane sheet was 60 cm, and both sides of the membrane were uplifted by 20 cm. To enable drainage when required, the membrane sheet was not used between a distance of 20 cm from the edge of the two sides of the membrane to the soil surface and at a distance of 10 cm between the two SWRTs.
Three water irrigation salinity levels (control, 6.0, and 12.0 dS m −1 ) were applied in this study. For the control treatment, plots were irrigated with fresh water (~0.35 dS m −1 ) during all growth stages; and for moderate (6.0 dS m −1 ) and high salinity levels (12.0 dS m −1 ) plots were firstly irrigated with fresh water for 25 days to avoid osmotic shock during germination and at the early seedling stage, and then irrigated with artificial saline water containing 3.51 and 7.02 g NaCl L −1 , respectively. A surface irrigation system was used. The main line of the irrigation system, which delivers water from plastic water storage tanks (3.0 m 3 ) to each plot, was equipped with a water meter, which was located at the point where the main line makes contact with the plastic tanks, distributed to sub-main hoses at each plot, and was equipped with a manual control valve to enable equal and constant amounts of water to be delivered to each plot. The class A pan was used to guide the irrigation frequency, and irrigation was conducted whenever the amount of water evaporated from the class A pan reached approximately 80 mm. To monitor salt concentrations in the root zone during the entire period of wheat growth, soil samples at a depth of 0-40 cm were collected from the moderate and high salinity treatments. The electrical conductivity of soil samples was measured using the soil water extract method, with a water to soil suspension ratio of 2:1. The EC of the moderate and the high salinity treatments reached 8.5 and 14.1 dS m −1 , respectively, at the grain dough stage.
In both seasons, the field experiment was laid out in a randomized complete block split-plot design and replicated three times. The three salinity levels were assigned to the main plots and the two cultivars were distributed randomly in subplots. Each subplot consisted of two SWRT membrane sheets with eight 6.0-m-long rows spaced 15 cm apart (7.2 m 2 in total area). The seeds of each cultivar were planted at a seeding rate of 17 g m −2 on 5 December of each season. Nitrogen, P, and K fertilizers were applied at rates of 180, 90, and 60 kg ha −1 as ammonium nitrate (33.5% N), calcium superphosphate (15.5% P 2 O 5 ), and potassium chloride (60% K 2 O), respectively. Nitrogen fertilizer was applied in three equal doses at seeding, stem-elongation, and booting stages, whereas entire doses of phosphorus and potassium were applied prior to sowing and at booting stage, respectively. Disease and weeding control were conducted in a timely manner according to the recommended agronomic practices.
Growth and Pphotosynthetic Parameter Measurements
At the anthesis growth stage, the above-ground shoots of plant were sampled by cutting two 0.5-m consecutive rows after conducting reflectance measurements. The samples were then cut into small pieces before being placed in drying bags. They were then dried in a forced-air oven at 70 • C to a constant weight, and the dry samples were subsequently weighed to obtain the shoot dry weight per square meter.
The three photosynthesis parameters (net photosynthesis rate (Pn), stomatal conductance (Gs), and transpiration rate (E)) were also measured at the anthesis stage on the second fully expanded leaf from the top of 20 plants for each subplot using a portable gas exchange system (Li-6400; Li-COR Inc., Lincoln, NE, USA) between 09:30 and 12:00. During the measurements, the leaf chamber was set to a leaf temperature of 25 • C and a CO 2 concentration of 400 ppm.
Canopy Hyperspectral Reflectance Measurements
Together with growth and photosynthetic parameter measurements, canopy hyperspectral reflectance was measured within two hours of solar noon under cloudless conditions using a portable ASD spectroradiometer (Analytical Spectral Devices Inc., Boulder, CO, USA). This device captures the solar radiation reflecting from the plant canopy from 350 to 2500 nm using an optical fiber probe with a 25 • field of view. The probe was held vertically at approximately 0.80 m above the plant canopy in the nadir orientation to achieve approximately 23.4 cm in diameter sensing area. The spectral reflectance was originally measured at wavelengths of 1.4 and 2.2 nm sampling intervals from 350 to 1000 nm and 1000 to 2500 nm, respectively. However, the entire spectral range (350-2500 nm) was calculated automatically to resample to 1.0-nm continuous bands. A spectralon white reference panel covered with a mixture of barium sulfate (BaSO 4 ) and white paint (Labsphere, Inc., North Sutton, NH, USA) was used to generate reflected light percentages and to calibrate the spectroradiometer. Calibrations of each subplot were made: five measurements were taken for each subplot at different points on the three central rows while excluding the first meter of the three rows to eliminate border effects. Each measurement used the average of 10 scans, and this was calculated automatically. Finally, the average of five measurements was recorded as the measured spectrum for a subplot.
Selection of Published and Modified Spectral Reflectance Indices (SRIs)
Thirteen previously-published SRIs obtained from relevant literature, and the nineteen modified in this study are listed with their equations in Table 1 . The published SRIs were selected because the wavelengths incorporated within them are influenced by changes in leaf chlorophyll and other pigment contents, leaf cellular structure, photosynthetic efficiency, and/or changes in plant water status, all of which are influenced by salinity stress. The modified SRIs were built by replacing one or two of the wavelengths in the published SRIs with others; however, these wavelengths of both published and modified SRIs are near to each other. The replaced wavelengths in the modified SRIs were selected based on contour maps (Figure 1) , which allow the evaluation of all possible dual wavelength combinations from binary, normalized spectral indices, efficient extraction of significant peak-wavelengths, and the extent of effective regions that enable the assessment of each parameter target being studied [29] [30] [31] . Contour maps for each parameter were compiled for 4,622,500 combinations of pairs of wavelengths in the full spectral region (350-2500 nm) with a sampling resolution of 1 nm (thus 2150 × 2150 possible pairs). The higher R 2 values in the contour maps are shown as being progressively white and pale yellow ( Figure 1 ). The R package "lattice" from the software R statistics version 3.0.2 (R foundation for statistical computing 2013) was used to draw the contour maps for spectral reflectance data. Based on hotspots of higher R 2 values in the contour maps, twenty-six single wavelengths (350, 420, 482, 515, 531, 580, 640, 675, 690, 705, 710, 715, 720, 760, 780, 800, 860, 970, 1100, 1550, 1640, 1650, 1660, 1742, 2270, and 2305) were selected, and these replaced either one or two of the published SRI wavelengths to construct the modified SRIs. However, as previously mentioned, the new wavelengths are still close to those of the published SRIs. For instance, in the published ratio analysis of reflectance spectra-a and c (PARS-a and PARS-c) [32] , the wavelengths for pigment specific simple ratio-a (PSSR-a), pigment specific normalized difference-c (PSND-c) [33] , Cl red edge [34] , and dry matter content index (DMCI) [35] , wavelengths of 750, 500, 680, 460, 750, and 1495 nm in these published SRIs were replaced by 780, 515, 690, 482, 760, and 1550 nm, respectively, in the modified SRIs. In addition, in the published normalized phaeophytinization index (NPQ), wavelengths of 415 and 435 nm were replaced by 482 and 350 nm, in the modified one, respectively, and for the three water balance indexes (WABI-1_D, WABI-2_D, and WABI-3_D), 1500 nm was replaced by 1550, 1640, and 1650 nm, and 538 nm was replaced by 482, 482, and 531 nm. Furthermore, in the normalized difference moisture index (NDMI), the two wavelengths (1649 and 1722 nm) were replaced by 1660 and 1742 nm, respectively (Table 1) . contour maps for spectral reflectance data. Based on hotspots of higher R 2 values in the contour maps, twenty-six single wavelengths (350, 420, 482, 515, 531, 580, 640, 675, 690, 705, 710, 715, 720, 760, 780, 800, 860, 970, 1100, 1550, 1640, 1650, 1660, 1742, 2270, and 2305) were selected, and these replaced either one or two of the published SRI wavelengths to construct the modified SRIs. However, as previously mentioned, the new wavelengths are still close to those of the published SRIs. For instance, in the published ratio analysis of reflectance spectra-a and c (PARS-a and PARS-c) [32] , the wavelengths for pigment specific simple ratio-a (PSSR-a), pigment specific normalized difference-c (PSND-c) [33] , Cl red edge [34] , and dry matter content index (DMCI) [35] , wavelengths of 750, 500, 680, 460, 750, and 1495 nm in these published SRIs were replaced by 780, 515, 690, 482, 760, and 1550 nm, respectively, in the modified SRIs. In addition, in the published normalized phaeophytinization index (NPQ), wavelengths of 415 and 435 nm were replaced by 482 and 350 nm, in the modified one, respectively, and for the three water balance indexes (WABI-1_D, WABI-2_D, and WABI-3_D), 1500 nm was replaced by 1550, 1640, and 1650 nm, and 538 nm was replaced by 482, 482, and 531 nm. Furthermore, in the normalized difference moisture index (NDMI), the two wavelengths (1649 and 1722 nm) were replaced by 1660 and 1742 nm, respectively ( Table 1 ).
Figure 1.
Contour maps of coefficients of determination (R 2 ) within the entire spectrum range (from 350 to 2500 nm) between normalized difference spectral indices (NDSIs) and parameters of shoot dry weight per square meter (SDW), net photosynthesis rate (Pn), stomatal conductance (Gs), and transpiration rate (E) based on pooled data of growing seasons, replications, salinity levels, and cultivars.
Data Analysis
Data for shoot dry weight (SDW) and photosynthetic parameters were tested using the analysis of variance (ANOVA), which is appropriate for a randomized complete block split-plot design, with the salinity level as the main factor and the cultivar as the split factor. Duncan's test at the 95% probability level was used to compare differences between the mean values of measured parameters between salinity levels, cultivars, and their interactions. Pearson's correlation coefficient matrix was used to determine the relationship between all parameters for pooled data and for each salinity level in order to determine the close relationship between SDW and photosynthetic parameters as well as to examine the ability of these parameters as screening criteria for evaluating and improving the salt tolerance of wheat genotypes under saline field conditions. The quantitative relationship between SRIs (as independent variables) and measured parameters (as dependent variables) was fitted with linear and non-linear curve-fitting models (Sigma Plot 11.0, Sytat software Inc., Chocago, IL, USA), and the equation with the highest R 2 was selected as the best model for evaluating the performance of SRI individually for estimating the measured parameters. The relationships between independent and dependent variables were tested across all data and for each salinity level. Six statistical parameters (including the coefficient of determination (R 2 ), root mean square error (RMSE), mean relative error (RE%), Akaike's information criterion (AIC), Schwarz's Bayesian criterion (SBC), and the slope of the linear regression) were calculated and used to evaluate the fitness between the observed and predicted values, and also to quantify the performance of each SRI in assessing the measured parameters. Determining effective SRI models requires that the measured parameters have a high R 2 value and slope and small RMSE, RE, AIC, and SBC values. The six statistical parameters between observed and predicted data were investigated using XLSTAT statistical package (version 2017.4, Excel Add-ins soft SARL, New York, NY, USA).
Results
Growth and Photosynthetic Parameters
There were significant decreases in SDW and in the three photosynthetic parameters (P n , Gs, and E) in both cultivars with increases in salinity levels. However, the decreases in all parameters, except E, at both salinity levels (6.0 and 12.0 dS m −1 ) were more pronounced in Sakha 61 (salt-sensitive cultivar) than in Sakha 93 (salt-tolerant cultivar) ( Table 2 ). When averaged across the two seasons, the moderate salinity level (6.0 dS m −1 ) was found to have resulted in decreases in SDW of 29.7% and 38.2%, P n of 30.3% and 32.6%, and Gs of 39.5%, and 51.8% for Sakha 93 and Sakha 61, respectively, when compared with the control treatment. At the high salinity level (12.0 dS m −1 ), the reduction reached 45.2% and 52.0% for SDW, 45.7% and 47.2% for P n , and 54.1% and 58.4% for Gs, in Sakha 93 and Sakha 61, respectively. The values of E for both cultivars were similar at all salinity treatments (Table 2) .
When data for the two seasons, salinity levels, and cultivars were pooled together, there were stronger positive correlations between all parameters (r 2 = 0.67 − 0.95). In addition, SDW, P n , and Gs showed stronger positive correlations with each other under each salinity level (r 2 = 0.71 − 0.95), with the exception of the correlation between SDW and Gs, which showed a non-significant correlation for the control treatment. In addition, E showed a non-significant correlation with the other parameters under control and moderate salinity level (Table 3) . Means in rows within salinity levels as well as means in columns within cultivar followed by the same letter are not significantly different at the 0.05 level according to the Duncan's test. The lowercase letters are related to the significant differences between means of interaction, while the uppercase letters are related to the significant differences between means of main factors (salinity or cultivars). 1.00 *, **, *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. ns: not significant.
Contour Map Analysis of Spectral Reflectance Data
A contour map for each parameter was established using the pooled data of seasons, replications, salinity levels, and cultivars (n = 36) (Figure 1 ). These maps show the coefficients of determination (R 2 ) of relationships between values of each parameter and all possible combinations between one wavelength on the horizontal axis (wavelength-1) and one wavelength on the vertical axis (wavelength-2) as normalized difference spectral indices in the entire spectrum range (350 to 2500 nm).
In general, contour map analyses conducted for SDW, P n , and Gs showed higher R 2 values (R 2 ≈ 0.90) than those for E (R 2 ≈ 0.65). The hotspot regions for the greater values of R 2 were located at 640-1900 nm and 2100-2305 nm on the horizontal axis, and at 380-800 nm on the vertical axis (white color in Figure 1 ).
Relationships between Measured Parameters and Different Modified and Published SRIs
To evaluate the efficiency of each SRI in the estimation of measured parameters, the relationships between each parameter and individual SRIs were fitted with linear and non-linear curve-fitting, and the equation with the highest R 2 was selected as the best model. The equations and values of R 2 for these relationships are summarized in Table 4 . The relationships were analyzed using pooled data relating to years, replications, salinity levels, and cultivars. Based on the values of R 2 , second-order relationships were found to be the best models for fitting the relationships between SRIs and all measured parameters, with the exception of the following, which showed linear relationships: the published and modified index (ratio analysis of reflectance spectra-c, PARS-c_P and PARS-c_D) for SDW, P n , and Gs; the published and modified index (ratio analysis of reflectance spectra-b, PARS-b_P PARS-b_D) for SDW and Gs; and the published index (dry matter content index, DMCI_P) for P n (Table 4) . A comparison between all the SRIs showed that the vegetation-based indices, which are related to bands of internal leaf structure, pigment contents and photosynthetic efficiency, and they incorporate VIS/VIS, NIR/VIS, and NIR/NIR wavelengths, generally exhibited higher values for R 2 with measured parameters than the water-based indices that qualified for monitoring plant water status, and which incorporate SWIR/VIS and SWIR/NIR wavelengths. However, the exceptions were for the three modified water balance indexes (WABI-1_D, WABI-2_D, and WABI-3_D), normalized difference moisture index (NDMI_D), and DMCI_D, which had comparable R 2 to those of the vegetation-based indices. All the SRIs estimated SDW, P n , and Gs better than E, except for the published WABI_P and DMCI_P, which showed a non-significant relationship with all measured parameters. With the exception of the three modified WABI, which showed a moderate relationship (R 2 values ranging from 0.57 to 0.60), none of the water-based indices showed a relationship with E. However, some of the modified SRIs, such as the normalized phaeophytinization index (NPQ_D), performed better than the original published SRIs (Table 4) .
Relationships between Measured Parameters and SRIs under Each Salinity Level
The value of R 2 and best regression models used to determine relationships between the thirty-two different SRIs and measured parameters for each salinity level are summarized in Table 5 . Most SRIs had curvilinear relationships (a few had linear relationships) with the measured parameters under each salinity level. All SRIs provided better estimations of SDW, P n , and Gs than of E. The relationships between SRIs and SDW, P n , and Gs fitted better under moderate (6 dS m −1 ) and high (12 dS m −1 ) salinity levels than under the control, but the opposite was true for E. Only 10, 3, 12, and 10 of the thirty-two SRIs showed moderate relationships (0.50 ≤ R 2 ≤ 0.68) with SDW, Pn, Gs, and E under control conditions, respectively. Under moderate and high salinity levels, most of the vegetation-based indices exhibited higher values of R 2 (0.50 ≤ R 2 ≤ 0.84) with SDW, P n , and Gs than the water-based indices (0.50 ≤ R 2 ≤ 0.68) ( Table 5 ).
Validation of Predictive Models for Measured Parameters Based on Different SRIs
The four measured parameters were estimated from the developed predictive models based on the thirty-two different SRIs individually. Six statistical parameters (see Materials and Methods) were used to test the accuracy of the validation of predictive models, and they were calculated from observed and predicted data of measured parameters for the second year. These statistical evaluation parameters are summarized in Tables 6 and 7 . The models that fulfilled the highest values of R 2 and slope together with the lowest values of RMSE, RE, AIC, and SBC were selected to make accurate predictions of measured parameters. In general, thirty-two different SRI models provided estimations of SDW, P n , and Gs that were more accurate than those of E. The vegetation-based indices provided more accurate estimations of the four measured parameters than the water-based indices, with the exception of the three modified WABI, which exhibited values of the six statistical evaluation parameters that were comparable to those of the vegetation-based indices. Of the thirty-two SRIs, eighteen delivered the best values for the six statistical evaluation parameters for SDW, P n , Gs, and eleven for E. The corresponding R 2 for these best models ranged from 0.81 to 0.93, 0.70 to 0.87, 0.77 to 0.88, and 0.50 to 0.66 for SDW, P n , Gs, and E, respectively. Compared to the other models, these models fulfilled the lowest values of RMSE, RE, AIC, and SBC and the highest values of slope. Importantly, some of the SRIs modified in this study provided equal (and sometimes better) estimations of measured parameters than the original published SRIs (Tables 6 and 7) . Table 4 . Best regression and coefficients of determination (R 2 ) models for relationships across all data (n = 36) between measured parameters (shoot dry weight per square meter (SDW), net photosynthesis rate (Pn), stomatal conductance (Gs), and transpiration rate (E)) and different published (P) and developed (D) spectral reflectance indices (SRIs). Table 5 . Best models of regression and determination coefficients (R 2 ) for relationships between difference published (P) and developed (D) spectral reflectance indices (SRIs) and measured parameters (shoot dry weight per square meter (SDW), net photosynthesis rate (Pn), stomatal conductance (Gs), and transpiration rate (E)) for each salinity level. L and Q indicate linear and quadratic fitting models, respectively; C, S1, and S2 indicate control, 60, and 120 mM NaCl, respectively.
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Spectral Indices
Discussion
The results indicate that plant biomass production (SDW) has significant associations with the photosynthetic apparatus under salinity conditions, particularly with Pn and Gs (Table 3 ). In addition, the positive or negative correlation between tested parameters indicates that the photosynthetic parameters along with SDW could be used simultaneously as effective screening tools for evaluating and improving the salt tolerance of wheat genotypes under saline field conditions. The negative correlation between E and other parameters indicates that the various stomatal characteristics such as stomatal size and density could play a vital role in controlling transpiration rate particularly under abiotic stress [36] . However, the relative importance of these parameters as effective screening tools for evaluating salt tolerance depends on the ability to detect them frequently in a large-scale field under realistic simulation saline field conditions and in a fast and non-destructive manner. Real-time detection of these parameters is significantly important to provide useful information that enables a comprehensive understanding of how salinity affects crop growth and productivity and for making decisions regarding implementing suitable agronomic practices to alleviate the adverse effects of salt stress.
There are few studies have investigated the performance of spectral reflectance indices (SRIs) for detecting the variations of these parameters under realistic saline field conditions. El-Hendawy et al. [25] and Hackl et al. [37] reported that, in salinity studies, the growth platform may impact on the use of spectral measurements to assess the phenotypic parameters and in the exploration of the importance of high-throughput phenotyping technique for evaluating salinity tolerance. Hackl et al. [36] found that the relationships between SRIs and phenotypic parameters under simulated close-to-field conditions were more robust compared with the results of pot-grown plants conditions. El-Hendawy et al. [38] also found that the hyperspectral data were successfully used for indirect tracking changes in ion content and leaf water relations of two wheat genotypes differing in their salt tolerance under SWRT-growth platform. Therefore, the growth platform of the SWRT technique, which their advantages have been mentioned in the introduction section, may be able to test the performance of published and modified SRIs for tracking changes in growth and photosynthetic efficiency of wheat under saline field conditions.
Comparison between Published and Modified Spectral Reflectance Indices (SRIs) for Estimating the Measured Parameters under Salinity Conditions
Various changes in biophysical and biochemical characteristics of the canopy (such as leaf chlorophyll and other photosynthetic pigments contents, leaf tissue structure, dry matter accumulation, photosynthetic efficiency, and plant water status) have been found to be change in relation to osmotic and ionic components of salinity stress, and these cause noticeable variability in the spectral reflectance of the canopy in the three parts of the spectrum (VIS, NIR, and SWIR) domains [4, 21, 25, 26] . Therefore, several SRIs that incorporate wavelengths related to the abovementioned main physiological characteristics of plants were modified to indirectly estimate the growth and photosynthetic efficiency of crops under various environmental conditions.
In this study, we tested the accuracy of the most commonly published SRIs in estimating measured parameters under salinity conditions and compared the results with the performances of the SRIs modified in this study. The results of this study found that replacing wavelengths in the modified SRIs improved the accuracy of these SRIs in estimating measured parameters when either all the data of salinity levels and genotypes were pooled together (Table 4) or when salinity levels were analyzed separately (Table 5 ) compared to the like-published SRIs. These findings were viewed with the NPQ-D, three water balance index (WABI-1_D, WABI-2_D, and WABI-3_D), NDMI_D, and the DMCI_D (Tables 4 and 5 ). These findings indicate that replacing some wavelengths with others could improve the accuracy of modified SRIs when estimating phenotypic parameters if used in certain environmental conditions. In addition, some wavelengths that have provided significant results in previous studies cannot be universally applied in all environmental conditions. Different crop types, growth stages, and levels of stress might be the main reasons why a universal relationship between published SRIs and measured parameters has not yet been obtained. Zhou et al. [39] similarly found that replacing the wavelengths 500 and 700 nm in the carotenoid reflectance index (CRI 500 or CRI 700 ) that was constructed by Gitelson et al. [13] by a NIR band 770 nm could improve the estimation accuracy of leaf carotenoids content.
The results of this study also found that the vegetation-based indices, VIS/VIS, NIR/VIS, and NIR/NIR, were much more effective for estimating and predicting the biomass production and photosynthetic properties of wheat under salinity conditions than the water-based indices, SWIR/VIS and SWIR/NIR, with the exception of the three modified WABI indices, the NDMI index, and the DMCI index, which showed moderate to strong relationships with measured parameters (Table 4) . These results indicate that decreases in leaf chlorophyll, other photosynthetic pigment contents, and photosynthetic efficiency as well as the damage of leaf structure are logical considerations under salinity stress. Therefore, SRIs used in previous studies that are significantly related to changes in photosynthetic pigments and leaf structure could be modified to detect the growth and photosynthetic properties of wheat under salinity stress. In addition, the wavelengths in the VIS and NIR regions show a considerable potential for use in the development of previously published SRIs to enable them to detect salinity effects. For instance, the sensitivity of the two wavelengths incorporated in the PRI index to both xanthophyll de-epoxidation state and photosynthetic relative pigment contents have been shown in previous studies [40] [41] [42] and in this current study to provide this index with more ability to efficiently estimate the photosynthetic efficiency (Pn and Gs) and dry matter accumulation under a wide range of environmental stresses (Tables 4 and 5 ). Gamon et al. [43] also reported that significant decreases in the values of PRI index under moderate salinity level (50 mM NaCl) indicate the reduced photochemical efficiency and epoxidation of xanthophyll cycle pigments. Previous studies have also reported that the spectral region of 420-470 nm, which is the blue region, is effective for characterizing the absorption features of photosynthetic pigments (such as chlorophyll-a and -b, α-and β-carotenes, and lutein) that have been affected by salinity stress [16, 44] . In addition, the blue (480-500 nm), green (520-580 nm), red (640-680 nm), red edge (720-770 nm), and NIR (812-868, 884-809, and 918-930 nm) regions, which are related to photosynthetic pigments absorption features, leaf structure, and water absorption bands in the NIR region, have also been found to be regions sensitive to salt stress in different crops [19, 21, 45] . Similarly, strong linear and non-linear relationships have been found between vegetation indices formulated from VIS and NIR bands and Pn and Gs in plants subjected to different environmental stresses under field conditions [9, 11, 12, 22, 46, 47] . Furthermore, Gitelson et al. [48] reported that the two VIS wavelengths (450 ± 20 nm and 550 ± 20 nm) and the two NIR wavelengths (715 ± 20 nm and the band above 750 nm) were sufficient for estimating the total pigment contents of maple, chestnut, and beech leaves, which have a wide pigment content range and composition.
With respect to the above information, our results confirm that (1) the SRIs formulated based on the VIS, red edge, and NIR of the spectrum, which are closely related to changes in chlorophyll and other photosynthetic pigments contents, leaf structure, and water absorption bands in NIR region, may play a distinct role in the estimation of biomass accumulation and photosynthetic efficiency of wheat under salinity stress; and (2) the effectiveness of some published SRIs for estimating the measured parameters in certain environmental conditions could be improved by replacing some of the wavelengths with others that are near to the original wavelengths.
Conclusions
Based on quantitative relationships between measured parameters and various SRIs (that incorporate a combination of wavelengths within the VIS-to-SWIR domains and are sensitive to multiple stresses) a number of modified SRIs such as NPQ (482, 350) , WABI (1550, 482) , WABI (1640, 482) , WABI (1650, 531) , NDMI (1660, 1742) , and DMCI (1550, 2305) were derived. These new SRIs are useful for estimating the growth and photosynthetic properties of wheat under saline field conditions, and they
